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The Medici family was a powerful family from 
Florence, Italy, that gained prominence under 

Cosimo de’ Medici in the early 15th century (1). 
Dynastic power granted Medici family members a 
burial at the San Lorenzo Basilica in central Florence 
(Appendix Figure 1, panel A, https://wwwnc.cdc.
gov/EID/article/29/6/23-0134-App1.pdf). Burial 
was preceded by an embalming procedure in which 
inner organs (viscera) were removed and placed in 
large terracotta jars (Appendix Figure 1, panel B).

In 2011, selected jars of organs from Medici fami-
ly members were opened centuries after burial to ex-
amine their contents, revealing that multiple tissue 
pieces were still present (Appendix). The Institute 
for Mummy Studies at Eurac Research (Bolzano, Ita-
ly) received samples from the organs; we performed 
microscopic and molecular analysis (Appendix) of 
a 2.5 cm × 1.5 cm tissue piece (ID 1297) from 1 jar 
(Appendix Figure 1, panel C). Using microscopy, we 
identified a potential blood vessel containing eryth-
rocytes (Figure, panel A). Diameters (7.24, SD ±0.14 
µm; n = 37) and discocyte shapes of cells within the 
blood vessel were characteristic of erythrocytes (2). 
We conducted further microscopic evaluation of sin-
gle cells and found the potential presence of a para-
site that might have resided within the erythrocytes 
during the lifetime of the deceased family member. 
Giemsa staining of tissue sections confirmed our 
first impression (Figure, panel B) and suggested the 
parasite was Plasmodium spp.; members of this ge-
nus are the causative agent of different types of hu-
man malaria (3). We used atomic force microscopy 
to identify the ring stage, an immature develop-
mental stage of P. falciparum that is dominant in pe-
ripheral blood of infected patients and a diagnostic 

Microscopy of mummified visceral tissue from a Medici 
family member in Italy identified a potential blood ves-
sel containing erythrocytes. Giemsa staining, atomic 
force microscopy, and immunohistochemistry confirmed 
Plasmodium falciparum inside those erythrocytes. Our 
results indicate an ancient Mediterranean presence of P. 
falciparum, which remains responsible for most malaria 
deaths in Africa.
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hallmark (Figure, panel C). We verified the presence 
of P. falciparum by using immunohistochemistry  
with polyclonal mouse antiserum against Plasmo-
dium spp.–specific aldolase (Appendix Figure 1, 
panels D, E) and a monoclonal antibody against P. 
falciparum–specific histidine-rich protein HRPII (Ap-
pendix Figure 1, panels F, G). We confirmed results 
by using immunofluorescence analysis with anti-
body against P. falciparum endoplasmic reticulum 

resident protein Pf39 (Appendix Figure 1, panels H, 
I). All isotype controls were negative (Appendix Fig-
ure 1, panels E, G, I). Not all observed parasitized 
erythrocytes were labeled by the antiserum, likely 
because of tissue degradation over the centuries. We 
verified a progressed state of biomolecule degrada-
tion by additional DNA-based analysis. 

We determined that parasitemia was 38% in 
the Medici tissue, which appeared high (Appendix  

Figure. Microscopic analysis of malaria infection in visceral tissue from Medici family, Italy. We evaluated a 2.5 cm × 1.5 cm tissue 
piece (ID 1297) from 1 jar containing viscera of a Medici family member and identified a potential blood vessel containing erythrocytes. 
A) Histological cross section of the tissue stained with hematoxylin and eosin; scale bar indicates 200 µm. Inset shows a possible 
erythrocyte; scale bar indicates 3 µm. B) Giemsa staining of a paraffin section of viscera suggesting the presence of parasites within the 
erythrocytes. Scale bar indicates 50 µm. C) Atomic force microscopy (AFM) of the tissue section. An optical microscope was used to 
define appropriate sample areas for AFM imaging (left image); scale bar indicates 20 µm. Enlarged area at right shows a ring stage of 
Plasmodium falciparum in an erythrocyte; scale bar indicates 2 µm.
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Figure 1, panel J). However, instead of peripheral 
blood, we investigated tissues that might have had 
higher than expected parasitemia from sequestration 
of erythrocytes parasitized by mature asexual devel-
opmental stages (trophozoite and schizonts) of P. 
falciparum (4). Erythrocytes were visible in the tissue 
and were not washed away after embedding, further 
suggesting the presence of malaria parasites because 
they can trigger blood coagulation that might have 
kept the cells in place (5). High parasitemia within 
tissues is likely dependent on P. falciparum develop-
mental stages (4). Erythrocytes infected with juve-
nile ring stages can be found in the peripheral blood 
of patients, whereas mature developmental stages 
are absent (6). Erythrocytes that contain more ma-
ture developmental stages can adhere to endothelial 
cells that line blood vessels within inner organs (6).

The most striking parasite-derived erythrocyte 
modification is the establishment of secretory or-
ganelles, known as Maurer’s clefts, that reside with-
in the cytoplasm of terminally differentiated host 
erythrocytes infected with P. falciparum (7). Similar 
organelles also exist in the cytoplasm of erythro-
cytes infected by other pathogenic Plasmodium spp. 
(7). During P. falciparum infections, Maurer’s clefts 
are crucial for initiating host-parasite interactions; 
they are responsible for severe disease and patient 
death by enabling protein trafficking that causes 
cytoadherence within organs (4). By using Giemsa 
staining, we observed delicate stipplings within the 
cytoplasm of infected erythrocytes in the Medici tis-
sue, indicative of Maurer’s clefts (Appendix Figure 
1, panel J). We quantified the stipplings; numbers 
were comparable to what can be observed within 
infected erythrocytes of malaria patients and in vi-
tro–infected erythrocyte cultures.

We performed glycan analysis by using mass 
spectrometry and molecular analyses (Appendix). 
We identified a unique glycan found in erythrocyte 
B antigen (Appendix Figure 2, panels A–D), further 
indicating the presence of erythrocytes in the tis-
sue. However, parasite DNA was undetectable by 
PCR. Metagenomic sequencing showed only 0.06% 
of all reads were host DNA; 2 reads could be un-
ambiguously assigned to P. falciparum (Appendix 
Figure 2, panel E). 

Medici family members were known to hunt in 
marshlands around Florence and in Tuscany that 
served as breeding grounds for mosquito vectors ca-
pable of transmitting Plasmodium spp. parasites (8). 
In 2010, immunoassays were used to analyze bones 
of 4 Medici family members who might have died 
from malaria; P. falciparum was detected (9). Our  

observations agree with previous studies of ancient 
human remains, suggesting a Mediterranean pres-
ence of malaria from the era of ancient Egypt to mod-
ern times (10). Malaria remains a major health threat 
for persons in Africa, mostly affecting pregnant 
women and children. Malaria is a curable disease; 
however, persons in malaria-endemic areas still lack 
access to proper healthcare. Developing Plasmodium 
resistance to standard treatments further hampers 
positive therapeutic outcomes. 

Acknowledgments
We thank Donatella Lippi and Elsa Pacciani for their 
support during the initial phase of the study. 

Funding was provided by the European Regional  
Development Fund 2014–2020_CALL-FESR 2017 Research 
and Innovation_Autonomous Province of Bolzano-South 
Tyrol_Project: FESR1078-MummyLabs.

About the Author
Dr. Maixner is coordinator at the EURAC Institute for 
Mummy Studies and head of the ancient DNA laboratory. 
His research interests focus on genomic and relationship 
analysis of ancient human remains and identification of 
ancient pathogens that caused disease.

References
  1.	 The Medici: citizens and masters. In: Black R, Law JE,  

editors. Villa I Tatti Series 32, the Harvard University Center 
for Italian Renaissance Studies. Cambridge (MA): Harvard 
University Press; 2015.

  2.	 Kilian N, Dittmer M, Cyrklaff M, Ouermi D, Bisseye C,  
Simpore J, et al. Haemoglobin S and C affect the  
motion of Maurer’s clefts in Plasmodium falciparum– 
infected erythrocytes. Cell Microbiol. 2013;15:1111–26. 
https://doi.org/10.1111/cmi.12102

  3.	 World Health Organization. World malaria report 2021  
[cited 2023 Jan 1]. https://www.who.int/teams/ 
global-malaria-programme/reports/world-malaria- 
report-2021

  4.	 Cyrklaff M, Sanchez CP, Kilian N, Bisseye C, Simpore J, 
Frischknecht F, et al. Hemoglobins S and C interfere with 
actin remodeling in Plasmodium falciparum–infected  
erythrocytes. Science. 2011;334:1283–6. https://doi.org/ 
10.1126/science.1213775

  5.	 Francischetti IMB, Seydel KB, Monteiro RQ. Blood  
coagulation, inflammation, and malaria. Microcirculation. 
2008;15:81–107. https://doi.org/10.1080/ 
10739680701451516

  6.	 Lee WC, Russell B, Rénia L. Sticking for a cause: the 
falciparum malaria parasites cytoadherence paradigm. 
Front Immunol. 2019;10:1444. https://doi.org/10.3389/
fimmu.2019.01444

  7.	 Mundwiler-Pachlatko E, Beck HP. Maurer’s clefts, the 
enigma of Plasmodium falciparum. Proc Natl Acad Sci 
USA. 2013;110:19987–94. https://doi.org/10.1073/
pnas.1309247110



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 6, June 2023	 1283

RESEARCH LETTERS

  8.	 Menning CB. The noble hunt: the “Libro della caccia” of 
Angelo del Bufalo. Yale Univ Libr Gaz. 2001;76:27–35.

  9.	 Fornaciari G, Giuffra V, Ferroglio E, Gino S, Bianucci R. 
Plasmodium falciparum immunodetection in bone remains of 
members of the Renaissance Medici family (Florence, Italy, 
sixteenth century). Trans R Soc Trop Med Hyg. 2010;104:583–
7. https://doi.org/10.1016/j.trstmh.2010.06.007

10.	 Boualam MA, Pradines B, Drancourt M, Barbieri R. Malaria 
in Europe: a historical perspective. Front Med. 2021;8:691095. 
https://doi.org/10.3389/fmed.2021.691095

Address for correspondence: Albert Zink, Institute for Mummy 
Studies, Eurac Research, Viale Druso 1, 39100 Bolzano, Italy; 
email: albert.zink@eurac.edu 

Enhanced Adenovirus Vaccine 
Safety Surveillance in Military 
Setting, United States

John Iskander, Scott Blanchet, Caitlin Springer, 
Patrick Rockwell, Dana Thomas, Satish Pillai
Author affiliations: United States Coast Guard, Washington, DC, 
USA (J. Iskander, D. Thomas, S. Pillai); United States Coast 
Guard Academy, New London, Connecticut, USA (S. Blanchet, C. 
Springer, P. Rockwell)

DOI: https://doi.org/10.3201/eid2906.230331

Adenovirus infection results in considerable ill-
ness among congregate military populations (1). 

US Food and Drug Administration–approved use of a 
live, oral, bivalent adenovirus vaccine for military pop-
ulations began in 2011 and was associated with sub-
stantial decreases in adenovirus infection incidence at 
US military basic training centers (2,3). The US Naval 
Academy introduced adenovirus vaccination in 2018 
after a large adenovirus outbreak (4). An adenovirus 
outbreak involving ≈300 cadets occurred at the US 

Coast Guard Academy (CGA) in 2019 (5). Adenovirus 
vaccines were introduced for incoming first-year CGA 
cadets on June 28, 2022. To supplement postlicensure 
data on adenovirus vaccine safety (6), we monitored 
postvaccination signs and symptoms in those cadets.

We developed a monitoring system to account for 
military training features, such as restricted cellphone 
access and a time-sensitive, regimented curriculum. 
For sick call visits occurring <10 days after vaccina-
tion, the CGA clinic used a monitoring tool (Appen-
dix, https://wwwnc.cdc.gov/EID/article/29/6/23-
0331-App1.pdf) consisting of 17 postvaccination 
signs or symptoms obtained from clinical trial results 
(7,8). We measured vaccine uptake and inability to 
swallow pills and monitored cadets for 90 days after 
vaccination for US Food and Drug Administration–
defined serious adverse events (9).

Cadets received an in-person briefing from CGA 
clinic staff on June 27, 2022. The CGA training cadre, 
with whom the cadets had daily contact, were briefed 
by clinic leadership on the paper-based reporting tool, 
reporting requirements, and referring ill cadets to the 
CGA clinic. Before vaccination, cadets were given the 
Centers for Disease Control and Prevention adenovi-
rus vaccine information statement and opportunity to 
ask questions. Subsequently, if cadets sought care for 
illness at the CGA clinic, staff used the reporting tool 
to record whether any of the 17 signs and symptoms 
were present.

During the initial vaccination period (June 28–30, 
2022), 293 (97.3%) of 301 first-year cadets received 
the adenovirus vaccine; 4 (1.3%) cadets were unable 
to swallow the vaccine. Of 4 cadets isolated for CO-
VID-19 during the initial vaccination period, only 1 
subsequently received the vaccine. Of 294 vaccinated 
cadets, a total of 159 (54.1%) received 1 other vaccine 
and 53 (18.0%) received >2 additional vaccines.

The average age of the 294 vaccine recipients was 
18.25 years; 57% were male, and 43% female. During 
June 30–July 8, 2022, ≈100 first-year cadets sought 
care at the CGA clinic for illness, and 65 (22.1%) ca-
dets reported >1 vaccine surveillance sign or symp-
tom. Commonly reported signs and symptoms were 
cough (20.1%), sore throat (17.0%), headache (16.0%), 
fatigue (16.0%), nasal congestion (15.3%), and short-
ness of breath (11.6%) (Table). Frequencies of gastro-
intestinal symptoms among cadets seeking care at the 
clinic during the 10-day period after vaccination were 
2.3% for abdominal pain, 3.7% for diarrhea, 4.0% for 
vomiting, and 8.3% for nausea (Table). During the 
90 days after vaccination, no serious adverse events 
were reported, including hospitalization, Guillain-
Barre syndrome, or death.

The US Coast Guard Academy began adenovirus vac-
cination of incoming cadets in 2022. Of 294 vaccine 
recipients, 15%–20% had mild respiratory or systemic 
symptoms within 10 days postvaccination but no serious 
adverse events after 90 days. Our findings support the 
continued use of adenovirus vaccines in congregate mili-
tary settings.
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Microscopic Evidence of Malaria Infection in 
Visceral Tissue from Medici Family, Italy 

Appendix 

Additional Methods 

Sampling Survey and Paleohistological Analysis 

During a sampling survey in Florence, Italy, in 2011, soft tissue material was taken from 

Medici jars for further microscopic and molecular analysis. The samples were then transferred to 

the ancient DNA laboratory at Eurac Research, Institute for Mummy Studies, where the 

specimens were inventoried and subjected to further investigation. Initially, soft tissue samples 

collected from the jars were processed for histological analyses in the Eurac laboratory. 

Specifically, small soft tissue fragments (0.25 cm × 0.25 cm) underwent processing as previously 

described (1). After rehydration with Eurac solution (1:1 solution of glycerol and 4% 

formaldehyde) for 48 h, the samples were fixed for 24 h in 4% formaldehyde, dehydrated, and 

finally embedded in paraffin blocks. The embedded specimens were cut on a Leica RM2245 

microtome (Leica Biosystems, https://www.leicabiosystems.com) into 4 µm-thick sections. 

Paraffin sections were stained with hematoxylin and eosin or Giemsa stains (2). 

Staining of Paraffin Sections with Phosphate-Buffered Giemsa to Visualize Maurer’s Clefts 

The slides with paraffin-embedded tissues were positioned in a staining dish and 

immersed 2× in pure xylene for 5 min each. Then, they were placed consecutively in the 

following ethanol solutions: 100% (for 30 s), 96% (for 30 s), 96% (for 60 s), and 70% (for 60 s). 

Afterward, the slides were placed in double distilled (dd)H2O for 2 min and subsequently 

incubated with Giemsa staining solution (10% Giemsa in phosphate buffer, pH 6.8) for 7 min at 

60°C. The slides were placed again in ddH2O for 1 min and subsequently dipped 1–4× in 

differentiating solution (50 mL ddH2O and 5 drops of acetic acid). The slides were then 

https://doi.org/10.3201/eid2906.230134
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immersed in ddH2O and successively dipped in solutions of 70%, 96%, 96%, and 100% ethanol 

(solutions obtained by diluting 100% ethanol with ddH2O when necessary), followed by a brief 

dip into pure xylene. Finally, coverslips were placed onto the slides by using EUKITT mounting 

medium. 

Atomic Force Microscopy 

Tissue sections were examined by using a combined inverted Axiovert 135 optical 

microscope (Zeiss, https://www.zeiss.com) and NanoWizard-II atomic force microscope (AFM) 

(JPK Instruments/Bruker, https://www.bruker.com). The optical microscope was used to define 

appropriate sample areas for AFM imaging. AFM measurements were subsequently performed 

to obtain high-resolution images of the samples. AFM images were captured in the intermittent 

contact mode under ambient conditions. BS Tap300 silicon cantilevers (Budget Sensors, 

https://www.budgetsensors.com) with typical spring constants of 40 Newtons/m and nominal 

resonance frequencies of 300 kHz were used. The nominal tip radius was <10 nm. Images were 

analyzed by using SPIP 4.5.2 software (Image Metrology, https://www.imagemet.com). 

Immunohistochemistry 

All immunohistochemical staining was performed on 5 µm whole standard sections of 

formalin-fixed paraffin-embedded tissue samples. After deparaffinization, the slides were 

depigmented for 20 h in 1% HCl-alcohol at 37°C. Thereafter, the slides were washed in TRIS 

buffer 2× for 5 min each. The endogeneous peroxidase was blocked by placing the slides in 7.5% 

H2O2 for 19 min, followed by washing for 10 min under running tap water. Slides were rinsed 

consecutively 2× in TRIS buffer for 5 min each. For the detection of aldolase, an antibody 

against Plasmodium aldolase (Abcam, https://www.abcam.com) was used, or, for HRPII 

detection, P. falciparum HRPII monoclonal antibody (Thermo Fisher Scientific, 

https://www.thermofisher.com) was used as the primary antibody. The slides were subjected to 

heat-induced epitope retrieval by using Dako Target Retrieval Solution, Citrate pH6 (Agilent 

Technologies, https://www.agilent.com). Sections were incubated with primary antibodies 

(aldolase antibody dilution of 1:100; HRPII antibody dilution of 1:600) for 1 h at room 

temperature. The slides were then washed 2× in TRIS buffer for 5 min, and subsequently 

developed for 30 min by using ImmPRESS Reagent Kit Anti-MOUSE Ig (Vector Laboratories, 

https://www.vectorlabs.com). The slides were washed again 2× in TRIS buffer for 5 min each. 
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The Dako AEC+ system (Agilent Technologies) was used as chromogen. After washing for 10 

min under running tap water, the slides were then counterstained with Gill´s formula 

hematoxylin (Vector Laboratories). To exclude non-specific staining, system controls were 

included. 

Immunofluorescence Analysis 

The immunofluorescence assay was conducted in accordance with the Beers Lab 

immunofluorescence protocol for paraffin sections from TLRC Heidelberg as follows. For 

deparaffinization, slides with formalin-fixed paraffin-embedded tissue sections were dipped 2× 

for 5 min each in xylene. Then, they were placed consecutively in 100% ethanol for 30 s and 

96% ethanol for 30 s (solution obtained by diluting 100% ethanol with ddH2O). Thereafter, the 

slides were placed successively in 96% ethanol for 60 s and 70% ethanol for 60 s (solutions 

obtained by diluting 100% ethanol with the corresponding amount of ddH2O). The slides were 

finally placed in ddH2O for 2 min. For antigen retrieval, a water bath containing sodium citrate 

buffer (10 mM sodium citrate, 0.05% Tween 20, pH to 6.0 with HCl; preparation: 1.47 mg Tris-

sodium citrate dehydrate dissolved in 500 mL ddH2O, and subsequent addition of 0.5 mL Tween 

20) was heated to 95°C–100°C. Then, the slides with tissues were positioned in a staining dish, 

immersed in the hot sodium citrate buffer and incubated for 20 min. Afterward, the slides were 

removed from the buffer and cooled for 20 min at room temperature. For the final 

immunofluorescence staining, the slides were washed for 5 min in 0.05 mol/L phosphate-

buffered saline (PBS;14.2 g Na2HPO4, and 16.0 g NaCl dissolved in 1800 mL ddH2O, pH 7.2), 

and the tissue sections were subsequently flooded entirely for 3 min with NaBH4 solution (10 

mg/mL NaBH4 in 0.05 mol/L PBS, prepared immediately before use). Then, the slides were 

washed in PBS containing 5% bovine serum albumin (BSA) for 5 min. The slides were rewashed 

in 0.05 mol/L PBS, flooded again with NaBH4 solution, and washed with PBS/5% BSA. 

Afterward, the slides were covered entirely with >200 µL blocking buffer and incubated for 30 

min. The blocking buffer was composed of 150 µL serum from the Vectastain Elite ABC Kit 

containing rabbit IgG or peroxidase rat IgG (ref no. PK-6104; Vector Laboratories) in a total 

volume of 10 mL PBS/5% BSA. After washing the slides for 5 min with PBS/Triton (1.5 mL 

Triton X-100 per liter of 0.05 mol/L PBS), the slides were incubated with >200 µL of Pf39 rabbit 

antibody (1:200 dilution, diluted in blocking buffer) (3) at room temperature overnight. The 

antibody was produced in a rabbit by immunization with a peptide containing amino acids 34–



 

Page 4 of 15 

330 of the P. falciparum protein Pf39 (4,5) and was a kind gift from the laboratory of Prof. 

Gabriele Pradel (RWTH Aachen University, Germany). The next day, the slides were washed 

with PBS/Triton for 5 min and incubated with secondary antibody solution (Alexa Fluor 488 

goat anti-rabbit, diluted 1:2000 in blocking buffer) for 1 h at room temperature. As a control, we 

performed the same labeling procedure for tissues by using only the secondary antibody. Then, 

the slides were washed with PBS/Triton 2× for 5 min each and, subsequently, 2× for 2 min each 

in PBS; they were placed in distilled water for 2 min and air dried. EUKITT mounting medium 

was used to fix the coverslips onto the glass slides containing our sections. The slides were 

imaged with a Leica DMI8 microscope (×100 oil objective, numerical aperture of 1.25). Slides 

were imaged by using the following exposure times: 500 ms (488 nm) and 9.8 ms (bright field) 

(both with gain of 5.9). Images were captured by using a Leica MC 120 HD camera. The images 

were examined and prepared for presentation by using a Fiji image processing package 

(https://fiji.sc) and Leica LAS X Office software. 

Glycan Analysis 

Glycan analysis for the Medici-clan mummy tissue was conducted at Asia-Pacific 

Glycomics Reference Site in Daejeon, Republic of Korea. The Medici-clan mummy tissue (≈10 

mg) was cut into small pieces by using a razor blade and rehydrated for 72 h by using 

rehydration solution (100 mg of Na2CO3 in 10 mL of 30% ethanol). The rehydrated sample was 

centrifuged, and the pellet was separated from the supernatant and pulverized in 70% ethanol by 

using a tissue grinder. High molecular weight materials including glycoproteins were enriched 

from ground samples by using a mini dialysis unit (10-kDa molecular weight cutoff) and 

transferred to a microcentrifuge tube. Glycoproteins in the sample were denatured in a solution 

of NH4HCO3 and dithiothreitol at 95°C for 2 min. N-glycans were enzymatically released from 

denatured glycoproteins by using the glycosidase PNGase F at 37°C overnight and extracted 

from deglycosylated proteins by ethanol precipitation. N-glycans were further purified and 

enriched by using solid-phase extraction with a porous carbon cartridge. The eluate was dried by 

using vacuum centrifugation. 

N-glycans released from Medici-clan mummy tissue were characterized by porous 

graphitized carbon-nano liquid chromatography chip/quadrupole time-of-flight mass 

spectrometry (MS) and MS/MS (Agilent 6530, Agilent Technologies) analysis with the 
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following parameters: positive ionization mode; VCap voltage, 1830 V; mass range (m/z), 300–

2500 for MS and m/z of 100–3200 for MS/MS; acquisition time, 2 s/spectrum for MS and 0.63 

s/spectrum for MS/MS; and collision-induced dissociation for MS/MS fragmentation. Raw MS 

data were computerized and processed by using the Molecular Feature Extractor algorithm 

included in the MassHunter Qualitative Analysis software (Agilent Technologies). Glycan 

searches used a list of glycan candidates comprised of monosaccharide combinations of hexose 

(Hex), N-acetylhexosamine (HexNAc), fucose (Fuc), N-acetyl-neuraminic acid (sialic acid), and 

xylose. To determine relative abundances of identified glycans, the chromatographic peak area 

for each glycan was integrated by using the ion intensity corresponding to the individual peak on 

the MS spectrum, and then relative abundance was calculated by using the equation: 

chromatogram peak area of individual glycan ÷ chromatogram peak area of all glycans × 100. 

Glycan isomers derived from porous graphitized carbon–liquid chromatography analysis were 

combined in a single glycan composition. 

A total of 23 N-glycan compositions were identified by glycomic analysis of the Medici-

clan mummy tissue (Appendix Table). Most N-glycans were pauci-mannose (n = 8, Hex0–

4HexNAc2Fuc0–1), fucosylated (n = 8, Hex3–5HexNAc3–6Fuc1), high mannose (n = 4, Hex5–

9HexNAc2), and truncated (n = 3, Hex3–5HexNAc3–4) types. N-glycans containing sialic acid and 

xylose were not detected in the mummy tissue sample. Pauci-mannose type N-glycans were the 

most abundant (47%) of total N-glycans. The relative abundances of N-glycans were 31% for 

fucosylated, 13% for high mannose, and 9% for truncated types (Appendix Figure 2, panel A). In 

a previous study, we found that N-glycans were preserved in mummy tissues over thousands of 

years through glycomic profiling of body tissue samples (6). Sialylated glycans were not 

observed in all mummies, whereas pauci-mannose, fucosylated, and truncated glycans were 

predominant in all mummy samples. Glycan profiling of Medici-clan mummy tissue was very 

similar to that in the previous study, which suggests that N-glycans found in Medici-clan 

mummy tissue might also have been degraded during mummification by exposure to the external 

environment and microbial activation, such as bacterial and fungal activation. 

Our study focused on N-glycan analysis in the mummy tissue sample, but we also 

identified the presence of relatively abundant HexNAc polymers (n = 6, HexNAc3–8) (Appendix 

Figure 2, panel B; Table). The relative proportion of HexNAc polymers (78%) was higher than 
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the overall relative abundance of N-glycan compounds (22%) in the Medici-clan mummy tissue 

(Appendix Figure 2, panel C). HexNAc polymers are not yet detectable in the human N-

glycome, whereas those polymers are a primary type of cell envelope glycan found in a wide 

variety of fungi. The fungal cell wall is composed of highly cross-linked glycan polymers, such 

as chitins, mannoproteins, and glucans (glucose-derived polysaccharides) (7). Chitin is a 

repeating homopolymer of β1–4-linked N-acetylglucosamine that forms microfibrils by self-

association; the chains are deposited on the cell wall of fungi (8). 

Parasitic protozoa also express N-acetylglucosamine chitin polymers on their cell 

membrane. Trichomonas vaginalis and Tritrichomonas fetus parasites have surface-exposed 

chitin that might be part of a receptor for recognizing and binding to host cell lectins (9). The 

origin of HexNAc polymers found in the Medici-clan mummy tissue cannot be determined by 

only performing human N-glycan analysis. Therefore, we speculate that fungal microorganisms 

or parasitic protozoa could be the original source of HexNAc polymers (as chitin). 

A unique glycan that might indicate B blood group antigen was found in the Medici-clan 

mummy tissue. Tandem MS spectrum of this unique glycan composition, Hex2HexNAc2Fuc1 

(m/z 895.3477, z = 1), was interpretated (Appendix Figure 2, panel D). The fragment peaks 

observed at m/z 674.24 indicated reducing end HexNAc fragmentation from the precursor ion 

and assigned with Hex2–nonreducing HexNAc1Fuc1 that is characteristic of a B antigen-carrying 

structure. Additional investigation of glycans including blood group epitopes is needed to 

determine the blood type of the Medici-clan mummy. However, the unique glycan identified in 

our study indicates the possibility of blood type identification through glycan analysis of 

mummy tissue. 

DNA-Based Analysis 

Molecular analysis of the Medici tissue sample was performed at the ancient DNA 

laboratory at Eurac Research, Institute for Mummy Studies in Bolzano, Italy. Sample 

documentation, preparation, and DNA extraction were performed in a dedicated pre-PCR area 

that requires strict procedures for studies of ancient DNA: use of protective clothing, UV-light 

exposure of the equipment and bleach sterilization of surfaces, use of PCR workstations, and 

filtered pipette tips. DNA was extracted from 200 mg soft tissue by using an organic solvent-

based extraction method, including a DNA precipitation step with linear polyacrylamide (10). A 
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DNA extraction blank was included in the extraction process. Both the extracted DNA and 

extraction blank were first subjected to a highly sensitive P. falciparum–specific PCR assay that 

targets the stevor gene family (11) and has been previously used for ancient human remains (12). 

We were unable to amplify the 188-bp PCR fragment, most likely because of the high degree of 

DNA fragmentation observed in our sample. In parallel to the PCR assay, we transformed the 

DNA extract into a double-indexed library for subsequent Illumina multiplex sequencing 

(13,14). A library preparation control (PCR-grade water) was included. The libraries of the 

extraction blank and library preparation control were negative. The library of the tissue sample 

was subjected to a paired-end shotgun sequencing approach on an Illumina HiSeq2500 platform 

(Illumina Corp., https://www.illumina.com) by using 2 × 101 cycles and HiSeq v3 chemistry 

following the manufacturer’s protocol for multiplex sequencing. Sequence data are available 

from the European Nucleotide Archive (https://www.ebi.ac.uk/ena) under project accession no. 

PRJEB61275. 

The metagenomic shotgun dataset was subjected to a bioinformatic pipeline to identify 

traces of endogenous human and parasite DNA. Illumina reads were first quality-checked by 

using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and then subjected to 

adaptor removal and read merging by using the SeqPrep tool version 1.2 

(https://github.com/jstjohn/SeqPrep). Pre-processed shotgun reads were first aligned to the full 

human genome (build Hg19, default mapping parameters) (15) by using Bowtie 2 version 1.2.1.1 

and the end-to-end parameter (16). Deduplication of the mapped reads was performed by using 

the DeDup tool version 0.12.8 (https://github.com/apeltzer/DeDup). Both minimum mapping and 

base quality were set to 30. The binary alignment/map file was checked for characteristic ancient 

DNA nucleotide misincorporation frequency patterns by using mapDamage2 version 2.0.9 (17). 

The genetic sex was assigned by using a maximum-likelihood method on the basis of the 

karyotype frequency of the mapped human X and Y chromosome reads (18). Human DNA 

analysis revealed that only 0.06% of all reads aligned to the human genome. The mapped reads 

were highly fragmented and displayed DNA damage. The sex of the Medici family member who 

supplied the tissue was assigned with low confidence as male. The low genome coverage did not 

allow any further authentication, such as a contamination check using Schmutzi (19) or 

comparative analysis of mitochondrial haplogroup assignment using HaploGrep2 (20). 



 

Page 8 of 15 

Shotgun reads were aligned against the full genome assemblies of P. falciparum 

(GenBank assembly no. GCA_000002765) by using Burrows-Wheeler Aligner software (21) and 

previously described parameters (22). The mapped data was subjected to the same deduplication 

and quality filtering as described for human DNA analysis. Subsequently, a sequence similarity 

search of all mapped reads against the P. falciparum genome by using blastn (23) and the 

complete NCBI nucleotide database (24) was performed. Blast results were taxonomically 

assigned by using MEGAN6 and the LCA (Lowest Common Ancestor) algorithm (25). Thereby, 

only 2 of 36,406 mapped reads were unambiguously assigned to P. falciparum (when this 

assignment appeared as a top blast hit). Finally, we assessed a general taxonomic profile of the 

sequencing reads by using DIAMOND blastx search (26) against the RefSeq non-redundant 

protein database (http://www.ncbi.nlm.nih.gov/RefSeq). The DIAMOND tables were converted 

to rma6 (blast2rma tool) format (–minPercentIdentity 97), imported into MEGAN6 software 

(25), and subsequently visualized by using the Krona tool (27). Most reads in the samples were 

assigned to bacteria; <6% reads were eukaryotic, and <98% of those were fungi (Appendix 

Figure 2, panel E). 
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Appendix Table. A list of glycans identified from the Medici-clan mummy tissue* 

Sample no. Mass† 
Composition 

Type 
Relative abundance 

(%) Hex HexNAc Fuc NeuAc 
N-glycans 
 1 424.169 0 2 0 0 Pauci-mannose 2.87 
 2 586.222 1 2 0 0 Pauci-mannose 8.96 
 3 732.280 1 2 1 0 Pauci-mannose 4.66 
 4 748.275 2 2 0 0 Pauci-mannose 7.88 
 5 894.333 2 2 1 0 Pauci-mannose 2.15 
 6 910.328 3 2 0 0 Pauci-mannose 10.79 
 7 1056.386 3 2 1 0 Pauci-mannose 3.81 
 8 1072.381 4 2 0 0 Pauci-mannose 6.14 
 9 1259.465 3 3 1 0 Fucosylated 9.54 
 10 1462.544 3 4 1 0 Fucosylated 8.55 
 11 1665.624 3 5 1 0 Fucosylated 2.64 
 12 1868.703 3 6 1 0 Fucosylated 3.18 
 13 1624.597 4 4 1 0 Fucosylated 1.61 
 14 1827.677 4 5 1 0 Fucosylated 2.37 
 15 1786.650 5 4 1 0 Fucosylated 2.06 
 16 1989.729 5 5 1 0 Fucosylated 0.85 
 17 1234.433 5 2 0 0 High mannose 5.87 
 18 1396.486 6 2 0 0 High mannose 1.21 
 19 1558.539 7 2 0 0 High mannose 2.69 
 20 1720.592 8 2 0 0 High mannose 3.40 
 21 1113.407 3 3 0 0 Truncated 1.34 
 22 1275.460 4 3 0 0 Truncated 3.27 
 23 1640.592 5 4 0 0 Truncated 4.16 
HexNAc polymers 
 1 627.249 0 3 0 0 HexNAc polymer 23.40 
 2 830.328 0 4 0 0 HexNAc polymer 17.38 
 3 1033.408 0 5 0 0 HexNAc polymer 21.46 
 4 1236.487 0 6 0 0 HexNAc polymer 23.43 
 5 1439.566 0 7 0 0 HexNAc polymer 9.29 
 6 1642.646 0 8 0 0 HexNAc polymer 5.03 
*Fuc, fucose; Hex, hexose; HexNAc, N-acetylhexosamine; NeuAc, N-acetyl-neuraminic acid. 
†Mass units are m/z; ratio of ion mass (m) to ion charge (z). 

 

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21961884&dopt=Abstract
https://doi.org/10.1186/1471-2105-12-385
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Appendix Figure 1. Microscopic investigation of visceral tissue from the Medici family. A) Location of the 

San Lorenzo Basilica in the center of Florence, Italy. Geographic location of Florence in Italy (red triangle, 

upper left map). Location of San Lorenzo Basilica (red box) in the Florence city center. B) Terracotta jar 

where internal organs of a Medici family member were placed. The Medici coat of arms is visible on the 

jar. C) Medici tissue (ID 1297) from 1 jar that was subjected to microscopic and molecular analysis. D) 

Immunohistochemistry of a paraffin section of tissue labeled with an antibody against Plasmodium spp.–

specific aldolase protein. Arrows show positive staining of parasites in erythrocytes. E) Isotype control for 

the aldolase-specific antibody. No staining was observed in erythrocytes (arrow). F) 

Immunohistochemistry of paraffin section of tissue labeled with an antibody against Plasmodium 

falciparum–specific histidine-rich protein. Arrows show positive staining of erythrocytes. G) Isotype control 

for histidine-rich protein-specific antibody. No staining was observed in erythrocytes (arrow). H) 

Immunofluorescence analysis of paraffin section of tissue labeled with antibody against Pf39, an 

endoplasmic reticulum resident protein of P. falciparum. I) Secondary antibody control conducted during 

immunolabelling with antibody against Pf39. No staining was observed in erythrocytes. J) Staining of 

sectioned paraffin-embedded tissue with buffered Giemsa (pH 6.8) revealed stippled structures that 

resemble Maurer’s clefts. These unique structures can be observed in the cytoplasm of malaria-

parasitized erythrocytes where they play a role in protein trafficking. However, additional putative 

functions might be conducted by these organelles as well.  
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Appendix Figure 2. Glycan and metagenomics analyses of the Medici tissue. (A) Pie chart indicating 

relative abundances of Medici-clan mummy N-glycans grouped according to biosynthetic classes: pauci-

mannose (dark grey), fucosylated (red), high mannose (green), and truncated (blue). (B) Extracted 

compound chromatograms of N-glycans and N-acetylhexosamine (HexNAc) polymers identified from the 

Medici-clan mummy tissue by porous graphitized carbon-nano liquid chromatography chip/quadrupole 

time-of-flight mass spectrometry acquisition. Putative structures of abundant major peaks have been 

labeled. Glycan symbols are: white circle, hexose; green circle, mannose; white square, N-

acetylhexosamine; blue square, N-acetylglucosamine; and red triangle, fucose. C) Pie chart for relative 

abundances of N-glycans and HexNAc polymers in the Medici-clan mummy tissue. D) Tandem mass 

spectrometry spectrum of Hex2HexNAc2Fuc1, m/z 895.3477 (z = 1), [M+H]+ identified from the Medici-

clan mummy tissue. Glycan symbols: white circle, hexose; white square, N-acetylhexosamine; and red 

triangle, fucose. (E) Taxonomic overview of the DNA sequence reads in the shotgun datasets of the 

Medici sample 1297. The metagenomic reads were taxonomically assigned by using the Diamond tool 

(26) against the NCBI RefSeq non-redundant protein database (http://www.ncbi.nlm.nih.gov/RefSeq). 


